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Abstract 
Assembly supply chains have been configured globally including not only developed countries but also emerging countries such as Asian 
countries, for example, Malaysia and China. On the other hand, it is necessary for global warming to pursue lower greenhouse gas (GHG) 
emissions in the global supply chain. Supplier selections, which select appropriate suppliers for appropriate purposes, should be decided by 
considering not only procurement costs but also the GHG emissions if they can be estimated. In addition, each part has a different procurement 
cost by the suppliers while their GHG emissions depend on each country and types of materials. Thus, it enables the global supply chain to 
harmonize the GHG emissions and the costs by procuring the parts from the different Asian countries. This study proposes a low-carbon and 
economic supplier selection with an estimation method of the GHG emissions for each part using the developed LCI database among Asian 
countries, and conducts a material based analysis for the both of the procurement costs minimization and the GHG emissions reduction. 
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1. Introduction 
 
     The United Nations Conference on Sustainable 
Development (Rio +20) was held in Rio de Janeiro, Brazil, 
2012, where cross-border efforts is needed to solve 
environmental problems on a global scale such as a global 
warming [1]. Therefore, it is important for the global 
warming to pursue lower environmental impacts for 
greenhouse gas (GHG) emissions. 
     On the other hand, supply chains are becoming more 
global in the world [2]. In particular, a growth of emerging 
countries in the Asian is significant at global supply chains. 
Consequently, the global supply chains have included not 
only developed but also emerging countries such as Asian 
countries, for example, Malaysia and China. In the supply 
chain management, one of the key decision-makings is that 
manufactures select suppliers for appropriate purposes such 
as minimization of procurement costs, which is called a 
supplier selection [3].  
     In order to design low-carbon supply chains, it is essential 
to select the appropriate suppliers by minimizing the 
procurement costs constraining the GHG emissions. For 
visualizing and estimating the GHG emissions for procured 
parts, Life Cycle Assessment (LCA) and their Life Cycle 
Inventory (LCI) database are well known [4] and used by 
constructing the bill of materials (BOM) [5]. Also, another 
LCI database by Asian international input-output (I/O) tables 
has been developed [6]. This database considers GHG such as 
CO2, CH4, N2O, HFCs, PFCs and SF2 and, their emission 
intensity is different for each material by each country. The 
GHG emissions of the parts depend on both of the materials 
and the production countries. Needless to say, each part has a 
different procurement cost by the suppliers. Therefore, it is 
necessary for a low-carbon and economic supplier selection 
to analyze the material types of the parts by each country 
using the bill of materials with not only the procurement costs 
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
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but also the GHG emissions. 
     This study proposes a material based analysis and design 
for the low-carbon and economic supplier selection using the 
LCI database by the Asian international I/O tables. 
 
2. Procedure of Low-Carbon and Economic Supplier 
Selection using Life Cycle Inventory Database by 
Asian International Input-Output Table 
2.1. Overview of Material Based Analysis and Design for 
Minimizing Procurement Costs and Constraining GHG 
Emissions 
This section explains an overview of a material based 
analysis for the low-carbon and economic supplier selection. 
Fig. 1 shows a detail of a procedure for the low-carbon and 
economic supplier selection. The first stage is a construction 
and analysis of product/material values with based of 
materials (BOM) using the LCI database by the Asian 
international I/O tables. The second stage is an optimal 
design of the low-carbon and economic supplier selection for 
minimizing the procurement costs by constraining the GHG 
emissions. 
 
Fig. 1. Procedure of low-carbon and economic supplier selection using life 
cycle inventory database by Asian international I/O tables 
2.2. Assumption and Formulation of Low-Carbon and 
Economic Supplier Selection 
     This section 2.2 formulizes the low-carbon and economic 
supplier selection for minimizing the procurement costs by 
constraining the GHG emissions. 
     In order to minimize the procurement costs within the 
constraints of the GHG emissions by the LCI database, a 0-1 
integer programming with an ε constraint [7] is used in this 
study. Additionally, this study considers the different 
procurement costs and the GHG emissions for a decision 
whether three alternative suppliers are selected or not. A 
summary of the notation used in this study is set below: 
 
ܬ  ˖Set of parts, ܬ ൌ ሼͳǡʹǡǥ ǡ ݆ǡ ǥ ǡ ȁܬȁሽ 
ܮ  ˖Set of suppliers, ܫ ൌ ሼͳǡʹǡ ǥ ǡ ݅ǡ ǥ ǡ ȁܮȁሽ 
ܯ  ˖Set of material, ܫ ൌ ሼͳǡʹǡ ǥ ǡ ݅ǡ ǥ ǡ ȁܯȁሽ 
݆  ˖Index of parts 
݈  ˖Index of suppliers 
݉  ˖Index of material 
ܷ ௝ܲ௠  ˖Unit price of material ݉ at part ݆ 
ܲܥ௝௟          ˖Production cost of part ݆ at supplier ݈ 
௝݁௟   ˖GHG emissions of part ݆ at supplier ݈ 
ீܫ ுீ௝௟   ˖GHG emission intensity of part ݆ at supplier ݈ on the 
      input-output tables [6] 
௩ܲ௔௟௨௘௝௠  ˖Production value per year of material ݉ at part ݆ on the 
      input-output tables [8] 
௩ܲ௢௟௨௠௘௝௠˖Production volume per year of material ݉ at part ݆ on 
      the input-output tables [8] 
௝݊   ˖Number of parts at part ݆  
ݓ௝   ˖Weight of part ݆ 
ܲܮ௝௟  ˖Price level of part ݆ at supplier ݈ on the Japan center for 
      international finance [9] 
ݔ௝௟   ˖Binary value; 1 if part ݆ at supplier ݈ is selected,  
      0 otherwise 
ܴ௠௔௫  ˖Total GHG emissions of the initial configuration 
ߝீுீǡ௖  ˖Constraint of total GHG emissions 
ܶܲܥ  ˖Total procurement cost 
ܧ  ˖Total GHG saving rate at product 
 
     It is note that the GHG emission intensity represents the 
GHG emission burdens generated directly and indirectly by 
the unit production activity of a sector [6] and that the price 
level is index which represents the price level in each country 
when price level of Japan is “1” [9]. 
     The objective functions for minimizing a sum of 
production cost of each part and minimizing a total GHG 
emissions of the product consisted of each part are 
respectively set as Equations (1) and (2). Then, the constraint 
for not selecting the same parts from more than one supplier 
is set as Equation (3): 
ܶܲܥ ൌ෍ ෍ ܲܥ݆݈
݈אܮ݆אܬ
ݔ݆݈ ՜ ܯ݅݊ሺͳሻ 
ܧ ൌ෍ ෍ ௝݁௟ݔ௝௟
௟א௅௝א௃
՜ ܯ݅݊ሺʹሻ 
ܵǤ ܶǤ෍ ݔ௝௟ ൌ ͳ׊݆ א ܬሺ͵ሻ
௟א௅
 
     To solve this multiple objective optimization, the ε 
constraint method [7] is used similar to [10]. Then ܧ  is 
transposed as equally Equation (4): 
ܧ ൑ ߝீுீǡ௖ ൈ ܴ௠௔௫ሺͶሻ 
     Therefore, The objective function ܶܲܥ  is made into the 
only objective function. A nonlinear optimization is 
performed to each of those combinations by changing ߝீுீǡ௖ 
gradually such as 94, 90, 80, …. , 50 (%) for a targeted 
reduction ratio, and it look for a pareto optimum solution set. 
 
3. Design Example Material Based Analysis and Design 
for Low-Carbon and Economic Supplier Selection 
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3.1. Stage1: Construction and Analysis of Product/Material 
Values with BOM using LCI Database by the Asian 
International Input-Output Table  
     According to Fig. 1, section 3 calculates the GHG 
emissions using the LCI database by the Asian international 
I/O tables [6]. In order to evaluate the GHG emissions for a 
product example, one cleaner [11] is selected and treated as a 
functional unit, and the alternative supplier selections in the 
procurement stage until producing the parts are focused on in 
the LCA. It is assumed that there is no difference in the other 
stages such as product usage and disposal the product. Its 
basic product/parts information is obtained with a 3D-CAD 
such as SolidWorks [12]. This cleaner is consisted of 23 
parts. 
     Table 1 shows the BOM with the GHG emissions of each 
part in Malaysia, China and Japan in the case of the cleaner. 
Here, the production cost is used as the procurement cost. It 
indicates that the procurement cost of a motor (#19) is more 
than 22 times larger on average so that the GHG emission of 
the motor is also more than 22 times larger on average. This 
is because the GHG emissions become higher as the 
procurement costs become higher based on the LCI database 
with the I/O tables. 
     As shown at stage 1 in Fig. 1, the GHG emissions at each 
part are calculated. For example, a left body (#9), which is 
one of the parts in this cleaner, is focused on shown the 
following procedure at stage 1. 
 
Step 1. Identification of Department Name in Asian 
International I/O Tables 
     The Asian international I/O tables have the information for 
production value by product/its part types as a sector name. 
At first, the sector names of the objective product/its part 
types are identified in the Asian international I/O tables using 
a correspondence table and the material type. After that, this 
information is added to the BOM of the product. 
     For example, a material name "Polypropylene" is related 
into the sector name in Japanese I/O tables as "Thermoplastic 
resin" by the correspondence table between the embodied 
energy and emission intensity and the domestic production 
value by item [13]. Then, the sector name in Japanese one is 
related into one in the Asian international I/O tables as 
"Synthetic resins and fiber" by an Asian international I/O and 
Japan I/O sectorial correspondence table developed in [6]. 
 
Step 2. Calculation of Unit Price of Each Part 
     If a production cost of each part is unavailable, the 
production cost, ܲܥ௝௟  is estimated by multiplying an unit price 
of each material, ܷ ௝ܲ௠  by a material weight of each part, 
ݓ௝by a number of parts for each part, ௝݊ by a price level at 
each supplier, ܲܮ௝௟ .  
     The unit price of each material, ܷ ௝ܲ௠ is calculated by 
dividing the production value, ௩ܲ௔௟௨௘௝௠by the production 
volume, ௩ܲ௢௟௨௠௘௝௠on the I/O tables.  
     The unit price of the material ݉ at the part ݆, ܷ ௝ܲ௠ is set 
as Equation (5): 
ܷ݆ܲ݉ ൌ
ܲݒ݈ܽݑ݆݁݉
ܲݒ݋݈ݑ݆݉݁݉
ሺͷሻ 
     The production cost of the part ݆ at the supplier ݈, ܲܥ௝௟  is 
assumed in this study as Equation (6): 
ܲܥ௝௟ ൌ ܷ ௝ܲ௠ ൈݓ௝ ൈ  ௝݊ 
ൈ ܲܮ௝௟ሺ͸ሻ 
     According to Equation (5), the unit price for the material 
͓ͳ at the part ͓ͻ, ܷ ଽܲǡଵ, is calculated as Equation ሺ͹ሻ. This is 
obtained from the BOM of the cleaner using a part number, 
݆ ൌ ͻ, and a material number, ݉ ൌ ͳ. When the production 
value of the material # ͳ  at the part # ͻ ,  ௩ܲ௔௟௨௘ଽǡଵ is 
ͶͲͺǡͶͷͻሾሿ , and the production volume of the 
material ͓ͳ  at the part ͓ͻ , ௩ܲ௢௟௨௠௘ଽǡଵ  is ʹǡͻͶ͹ǡ͵ͻͻሾሿ , 
the ͓ͳ͓ͻ , ܷ ଽܲǡଵ is 
calculated as Equation (7): 
ܷ ଽܲǡଵ ൌ
௩ܲ௔௟௨௘ଽǡଵ
௩ܲ௢௟௨௠௘ଽǡଵ
 
ൌ  ͶͲͺǡͶͷͻሾȀሿʹǡͻͶ͹ǡ͵ͻͻሾȀሿ ൎ ͲǤͳ͵ͺͷሾȀሿሺ͹ሻ 
     Second, according to Equation (6), the production cost of 
the part ͓ͻ  at respectively Japanese ͓ͳ , Chinese ͓ʹ  and 
Malaysian ͓͵ supplier, ܲܥଽǡଵ , ܲܥଽǡଶ  and ܲܥଽǡଷ  are calculated. 
This value is obtained respectively from the supplier number 
in Japan as 1, in China as 2 and in Malaysia as 3. When the 
unit price of the material ͓ͳ  at the part ͓ͻ , ܷ ଽܲǡଵ  is 
ͲǤͳ͵ͺ͸ሾȀሿ, the number of the part ͓ͻ, ݊ଽ is ͳͺ͹Ǥʹ͹ሾሿ, 
the weight of the part ͓ͻ, ݓଽ is ͳሾሿ, the price level of 
the part ͓ͻ at supplier ͓͵, ܲܮଽଷ is ͲǤͷʹ, the production cost 
of the part ͓ͻ  at the supplier ͓͵ , ܲܥଽǡଷ  is calculated as 
Equation (8): 
ܲܥଽǡଷ ൌ ܷ ଽܲǡଵ ൈ ݊ଽ ൈ ݓଽ ൈ ܲܮଽǡଷ 
ൌ ͲǤͳ͵ͺ͸ሾȀሿ ൈ ͳͺ͹Ǥʹ͹ሾሿ ൈ ͳሾሿ ൈ ͲǤͷʹ 
ൌ ͳͶǤ͵͵ሾሿሺͺሻ 
     Similarly, the production cost of the part ͓ͻ at the supplier 
͓ͳ, ܲܥଽǡଵ is ʹͷǤͻͷሾሿ, the production cost of the part ͓ͻ at 
the supplier ͓ʹ, ܲܥଽǡଷ is ͳ͵ǤͶʹሾሿ. 
 
Step 3. Calculation of Environmental Impact for Each 
Part 
     Based on the sector name of each part in the product, 
GHG emission intensity [t-CO2/million Yen] is identified for 
each part on the Asian international I/O tables [6]. Finally, 
the GHG emissions are calculated by the production cost of 
part by the GHG emission intensity. The GHG emissions of 
part ݆ at supplier ݈, ௝݁௟, is set and introduced as Equation (9): 
 ௝݁௟ ൌ ܲܥ௝௟ ൈ ீܫ ுீ௝௟ሺͻሻ 
     According to Equations (11), the GHG emissions of the 
part ͓ͻ at the supplier ͓ͳ, ͓ʹ and #3 are calculated as ݁ଽǡଵ, 
݁ଽǡଶand ݁ଽǡଷ.  
     When the production cost of the part ͓ͻ at the supplier 
͓͵, ܲܥଽǡଷ is ͳ͵ǤͶʹሾሿ, the GHG emission intensity of the 
part ͓ͻ at the supplier ͓͵, ீܫ ுீଽǡଷ is ͵͵ǤͶͷሾǦଶȀሿ, the 
GHG emissions of the part ͓ͻ  at the supplier ͓͵ , ݁ଽǡଷ  is 
calculated as Equation (10): 
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Table 1. The bill of material with the GHG emissions of each part in Malaysia, China and Japan in the case of the cleaner  
Table 2. The bill of materials with the supplier selection of each part in Malaysia, China and Japan without DC motor in the case of cleaner 
 
݁ଽǡଷ ൌ ܲܥଽǡଷ ൈܫ஼ைଶଽǡଷ 
ൌ ͳ͵ǤͶʹሾሿ ൈ ͵͵ǤͶͷሾǦଶȀሿ 
ൌ Ͷ͹ͻǤʹͳሾǦଶሿሺͳͲሻ 
     Similarly, the GHG emissions of the part ͓ͻ  at the 
supplier ͓ͳ, ݁ଽǡଵ is ͳͻͻǤͲʹሾǦଶሿ, the GHG emissions of the 
part ͓ͻ at the supplier ͓ʹ, ݁ଽǡଶ isͻͶͻǤʹͶሾǦଶሿ.  
3.2. Stage2: Optimal Design of Low-Carbon and Economic 
Supplier Selection 
Section 3.2 shows results of the example problem at the 
stage 1 by an optimal the low-carbon and economic supplier 
selection. According to the stage 2 in Fig. 1, a design of low-
carbon and economic supplier selection is optimized using 
this BOM.  
 
Step 4. Integer Programming Formulation for Selecting 
Supplier 
     As shown in section 2.2, in order to minimize the 
procurement costs within the constraints of the GHG 
emissions by the LCI database, the 0-1 integer programming 
with the ε constraint is used in this study for the decision 
whether two alternative suppliers on each country is selected 
or not. 
Step 5. Optimization by Mathematical Programming 
Package NUOPT 
    By using the procurement costs and the GHG emissions 
respectively, the minimization of the procurement costs is 
formulated under constrained to a ratio of the GHG emissions 
reduction as the integer programming. This experiment of the 
supplier selection problem was conducted by a mathematical 
programming package NUOPT developed by [14]. The 
pareto optimal solution is obtained by a multi-objective 
optimization [7].  
    This study prepares two scenarios for selecting supplier’s 
countries: Scenario 1) Malaysia and Japan, and scenario 2) 
China and Japan. In the manufacture of the cleaner, as a 
baseline, it is assumed that Malaysian or Chinese suppliers 
are selected in all parts to minimize the procurement costs of 
the parts. Here, the optimal design of the low-carbon and 
economic supplier selection is set as follows:  
In scenario 1), a total GHG emissions of the initial 
configuration, ܴ௠௔௫ is ͺͻǡ͸ͶͳǤͻͷሾǦʹሿand a constraints 
of total GHG emissions, ߝீுீǡ௖  becomes 
ሼͻͶǡͻͲǡ ͺͲǡ ͹Ͳǡ ͸Ͳǡ ͷͲሽ , respectively. On the other hand in 
scenario 2), the total GHG emissions of the initial 
configuration, ܴ௠௔௫  is ʹͻͷǡ͹ͻͶǤͺͶሾǦʹሿ  and the 
constraints of total GHG emissions, ߝீுீǡ௖  becomes 
ሼͻͶǡͻͲǡ ͺͲǡ ͹Ͳǡ ͸Ͳǡ ͷͲሽ, respectively. 
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     In the scenarios, at the constraints of the total GHG 
emissions of the supplier selection as 
ߝீுீǡ௖ ൌ ሼͻͶǡͻͲǡ ͺͲǡ ͹Ͳǡ ͸Ͳǡ ͷͲሽ , there is only the motor’s 
supplier change, where more than 50% of the GHG emissions 
can be reduced by changing the motor's supplier from 
Malaysia to Japan and from China to Japan. One of the 
reasons is that the procurement costs and the GHG emissions 
of the motor (#19) are significantly highest in the other parts. 
Therefore, the supplier selection is performed without the 
motor (#19). Accordingly, the total GHG emissions of the 
initial configuration, ܴ௠௔௫  become ͷǡ͹ͺͳǤͷ͹ሾǦଶሿ  in 
scenario 1) and ͳʹǡͷʹ͵ǤͲͺሾǦଶሿ  in scenario 2). Table 2 
shows the BOM with the supplier selection of each part in 
Malaysia, China and Japan without the motor (#19) in the 
case of the cleaner. The selected supplier of Japan is 
represented by a mark “ە”.  It is note that the mark of orange 
“ڸ” is seen at only scenario 1) and the mark of blue “ڦ” is 
seen at only scenario 2). 
In scenario 1), 18 kinds of parts are selected between 
cutting by 0% and cutting by 50%. At cutting by 50%, 12 
parts is selected, which is the largest number between cutting 
by 0% and by 50%. In contrast, there are no supplier changes 
for the nozzle (#5), the connection pipe (#13), the outer frame 
of fan (#21) and the fan (#23) at all case. 
In scenario 2), 14 kinds of parts are selected between 
cutting by 0% and by 50%. At cutting by 50%, 11 parts is 
selected, which is the greatest number between cutting by 0% 
and by 50%. By contrast, there are no supplier changes for 
the upper nozzle (#3), the nozzle (#5), the left handle (#8), 
the left body (#9), the right body (#10), the dust case cover 
(#11), the dust case (#14) and the exhaust tube (#15).  It is 
observed the Japanese suppliers are selected 48 times in 
scenario 1) and 36 times in scenario 2) respectively. In other 
words, the number of selected suppliers in scenario 1) are 
larger than that in scenario 2). 
 
4. Material Based Analysis and Design for Low-Carbon 
and Economic Supplier Selection 
4.1. Results of Calculating Environmental Impact for Each 
Part  
This section 4 discusses results of calculating the GHG 
emissions and selecting the suppliers. 
Figs. 2 and 3 show the procurement costs, the GHG 
emission intensity and the GHG emissions of each part 
without the motor (#19) in the example of the cleaner, 
respectively. It is noted that the motor (#19) is removed as an 
exceptional value in Fig. 2 and 3 since its GHG volumes are 
more than 22 times larger on average. 
   In Japan, it is shown that the GHG emission of the mesh 
filter of the part #12 is 4.4 times higher than one on average 
and its production cost of is the highest in the all parts of the 
cleaner. Similarly, the GHG emission of the part #12 is 5.1 
times higher than one on average in Malaysia, and the GHG 
emission of the mesh filter of the part #12 is 4.9 times higher 
than one on average in China. Thus, Figs. 2 and 3 indicate 
that the GHG emissions become higher as the procurement 
costs become higher. This behavior is observed in the other 
parts.  
Fig. 2. The procurement cost of each part without the motor 
Fig. 3. The GHG emission of each part without the motor 
 
     Furthermore, there is a large difference of the GHG 
emissions between Malaysia and China. For example, the 
GHG emission of the mesh filter of the part #12 in China is 2 
times higher than one in Malaysia. However, there is a little 
difference of the procurement costs between Malaysia and 
China. This results from the GHG emission intensity. 
     Fig. 4 shows a comparison the GHG emissions between 
Malaysia and China by each material without the DC motors 
(#19: motor) about the cleaner. A straight line indicates 
equilibrium points between the GHG emissions and the 
procurement costs. In other wards, Fig. 4 implies that, the 
distance is longer in the lower from straight line, as the GHG 
emissions in China is higher than that in Malaysia 
considering the procurement costs difference. 
Fig. 4. Comparison the GHG emissions by each material 
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     Also, the GHG emissions in China are higher than one in 
Malaysia by each material considering the procurement costs 
difference. For example, the carbon fiber in China is 2.1 
times higher than one in Malaysia. 
 
4.2. Comparison for Calculating Environmental Impact for 
Each Material 
     In section 4.2, this section summarizes results of the 
supplier selection to make differences clear in each country.  
     Fig. 5 shows the total GHG emissions for the total 
procurement costs without the motor (#19) in selecting 
suppliers. It is indicated at Fig. 5 that as the total procurement 
costs increase, the GHG emissions decrease. Additionally, it 
is implied at Fig. 5 that cutting by 50 % in China close to 
cutting by 0 % in Malaysia. Namely, when all Chinese parts 
of the cleaner, selecting Malaysian suppliers at the all parts is 
better than selecting suppliers between China and Japan for 
the low-carbon and economic supplier selection. 
Fig. 5. The GHG emissions for the procurement costs without the motor: 
China-Japan vs. Malaysia-Japan 
 
5. CONCLUSIONS 
 
This study proposed a low-carbon and economic supplier 
selection with an estimation method of the GHG emissions 
for each part using the developed LCI database among Asian 
countries. The main conclusions are as follows: 
 
x The GHG emissions became higher as the procurement 
costs became higher. For example, the procurement cost of 
motor (#19) is more than 22 times larger on average, 
respectively. Besides, the GHG emission of the part is also 
more than 22 times larger on average, respectively. 
x The Japanese suppliers were selected 48 times in scenario 
1) and 36 times in scenario 2). In other words, the number 
of selected suppliers in scenario 1) are larger than that in 
scenario 2). 
x There was the large difference of the GHG emissions 
between Malaysia and China. For example, the GHG 
emission of the mesh filter of the part #12 in China was 2 
times higher than one in Malaysia. However, there was the 
little difference of the procurement costs between Malaysia 
and China. This resulted from the GHG emission intensity.  
x The GHG emissions in China were higher than one in 
Malaysia by each material considering the procurement 
costs difference. For example, the carbon fiber in China 
was 2.1 times higher than one in Malaysia. 
 
     Future studies should consider other Asian countries, the 
transportation cost, and other constraint for low-carbon and 
economic supplier selection. 
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